The nucleopolyhedrovirus of Trichoplusia ni (TnSNPV) shows promise as a bioinsecticide against cabbage loopers (T. ni). We examined the effects of larval age at time of treatment and of the dose of virus ingested on the lethal and sublethal effects of TnSNPV on T. ni. The survival and LD 50 of cabbage loopers increased with the age of larvae at the time of treatment. The sublethal effects of TnSNPV included prolonged development and reduced pupal weight, egg production, and hatching success of eggs. The sublethal effects of TnSNPV did not vary among the three doses of virus used but were a function of larval age. The sublethal effects of TnSNPV were greatest when caterpillars were treated with virus at 92 and 144 h of age (third and fourth instar, respectively). Individuals that were treated at 192 h (fifth instar) and survived to adulthood did not appear to be impaired. These findings suggest that TnSNPV should be applied when cabbage loopers are in the early stages of development to maximize the bioinsecticidal activity of the virus. 1998 Academic Press
INTRODUCTION
Nucleopolyhedroviruses (NPVs) are naturally occurring entomopathogens that have considerable potential for being developed as bioinsecticides, particularly against pest lepidopterans (Huber, 1986) . NPVs can affect the demography of their hosts in two ways: they can have lethal or sublethal effects. Even when they are lethal, however, susceptibility to NPVs decreases with larval age at infection (e.g., Ignoffo, 1966; Boucias and Nordin, 1977; Burgerjon et al., 1981; Smits and Vlak, 1988) . Caterpillars succumbing to nucleopolyhedrosis are easily recognized (see Evans and Entwistle, 1987) , and NPV epizootics have frequently been associated with collapsing populations of Lepidoptera (e.g., Steinhaus, 1949; Bird and Burk, 1961; Doane, 1976; Myers, 1988; Elkinton and Liebhold, 1990) . The age structure of a population may play an important role in the development and magnitude of NPV epizootics (Webb and Shelton, 1990; Sait et al., 1994a) .
The sublethal effects of NPVs are more subtle and controversial, but they may nevertheless be of great importance in understanding the population dynamics of the host (e.g., Falcon, 1971; Perelle and Harper, 1986; Myers, 1988; Rothman and Myers, 1996) . Rothman and Myers (1996) reviewed studies on sublethal infections and came to four conclusions. (1) Individuals surviving NPV infections during the larval stage are frequently impaired relative to controls. (2) The debilitating effects include prolonged development, lower pupal weight, and reduced reproductive capacity (egg production and hatching success of eggs). (3) The inclusion of debilitating effects caused by sublethal infections of NPVs could reduce the growth of populations by an additional 22% over that of NPV-induced mortality alone. (4) The magnitude of debilitating effects is generally greater when larvae are infected as late instars (fourth-fifth), but appears to be independent of the dose of virus that larvae ingest.
Three major drawbacks associated with the use of NPVs as bioinsecticides are that (1) they are expensive to produce and (2 and 3) the proportion and rate at which individuals die are frequently lower than with chemical insecticides. By determining which stage of the pest is most susceptible to NPVs, it may be possible to ascertain when the virus should be applied to maximize crop protection while minimizing the amount of virus required. Precise timing of applications could make NPV insecticides more cost effective. In addition, demonstrating that individuals that survive NPV infections are impaired may further aid in making NPVs marketable as bioinsecticides.
The cabbage looper (Trichoplusia ni Hü bner) is found worldwide in subtropical regions (Mitchell and Chalfant, 1984) . They are highly destructive agricultural pests that attack 160 species, varieties, or cultivars of plants (Sutherland and Greene, 1984) . The singleembedded nucleopolyhedrovirus of T. ni (TnSNPV) shows a great deal of promise as a bioinsecticide against cabbage loopers (e.g., Jaques, 1972 Jaques, , 1977 Entwistle, 1983) . The purpose of this study is to examine the effects of the age at which caterpillars are treated and of the dose of virus ingested on the lethal and sublethal effects of TnSNPV. Specifically, (1) are young larvae more susceptible to TnSNPV than older ones, (2) are individuals surviving infection with TnSNPV impaired relative to control insects, and (3) are these debilitating effects a function of the age of the larvae at time of treatment, dose of virus, or both?
MATERIALS AND METHODS

Experimental Protocol
A stock sample of TnSNPV was obtained from Dr. R. P. Jaques (Agriculture and Agri-Food Canada, Harrow, Ontario). The occlusion bodies (OBs) had been purified from infected T. ni as described in Potter et al. (1978) . The OB concentration of the sample was determined using an improved Neubauer hemacytometer, and the sample was serially diluted in sterile distilled water (see Milks, 1997a) .
The following experiment was conducted twice. Recently laid eggs (Յ24 h old) were obtained from a colony of cabbage loopers kept in our laboratory. The colony had been established approximately 2 years earlier (ca. 25 generations of T. ni) by mixing individuals of the Hughes, Ignoffo, Jaques, Kaupp, and Keddie populations (see Milks, 1997a) . The eggs were surfacesterilized using 0.1% sodium hypochlorite as described in Milks (1997a) . After hatch, neonates were placed individually in 30-ml plastic cups containing high wheat germ diet (Jaques, 1967) and reared at 26 Ϯ 1°C with a photoperiod of 16L:8D.
At 96, 144, or 192 h after hatch (third, fourth, or fifth instar, respectively), the larvae were transferred individually to a second cup containing only a plug of diet (thickness 2-3 mm, diameter 5 mm) treated with distilled water, as controls (the performance of cabbage loopers treated with distilled water or an extract of homogenized healthy T. ni larvae did not differ significantly; M. L. Milks, unpublished data), or with 2570, 12,900, or 25,700 TnSNPV OBs (10 µl of 2.57 ϫ 10 5 , 1.29 ϫ 10 6 , or 2.57 ϫ 10 6 OBs/ml, respectively). Cohorts of 20 larvae were used as controls in each age group. Each TnSNPV dose was replicated four times. The number of larvae per replicate of each dose for each larval age is shown in parentheses: 96 h group: 2570 (20), 12,900 (25), and 25,700 (35) OBs; 144 h group: 2570 (15, but 10 in Trial 2), 12,900 (18), and 25,700 (20) OBs; 192 h group: 2570 (8), 12,900 (8), and 25,700 (12) OBs. The number of individuals per replicate varied to ensure that there would be a sufficient number of surviving adults in each age ϫ TnSNPV dose category. Larvae that consumed the plug within 36 h were returned to their original cups while those failing to do so were discarded. Young larvae eat slowly and thus this period of time (36 h) was selected to ensure that the caterpillars in each of the three age groups would have enough time to consume the plug. Larvae were checked daily, and mortality, pupal weight (on day of pupation), sex, and time of adult emergence were recorded. Diagnosis of viral mortality was based on gross symptoms. Overall, 96% of TnSNPV-inoculated larvae that died exhibited the typical signs of nucleopolyhedrosis (i.e., discoloration and liquefaction) (Evans and Entwistle, 1987) .
Seven female and male moths from each age ϫ TnSNPV dose were randomly selected and paired in 500-ml paper cups (i.e., one pair/cup; 7 cups ϫ 3 larval ages ϫ 4 TnSNPV treatments [3 virus doses ϩ 1 control] ϭ 84 cups). The inside of each cup was lined with a piece of paper toweling as oviposition substrate, and a 10% sucrose solution was provided for adult feeding. The first paper lining was collected 4 days after a pair was formed and every second day thereafter until the female died. The number of eggs per lining was counted and, in Trial 2, the hatching success of eggs was also estimated.
Statistics
The equation of the dosage-mortality curves and LD 50 s (dose required to kill 50% of treated insects) with associated 95% CIs were computed for each age group of each trial using PROC PROBIT with a logit link (SAS Institute, 1990) . Since the mortality of control individuals never exceeded 5%, the data used in the analyses were not corrected for control mortality. For each trial, the slope of the three dosage-mortality curves were compared as described by Collett (1991) .
The possible sublethal effects of TnSNPV on the pupal weight, developmental time, number of eggs laid per pair, and hatching success of eggs (arcsine square root transformed) of cabbage loopers were examined using multifactor analyses of variance (ANOVA) (PROC GLM; SAS Institute, 1990). The independent variables were larval age at time of treatment (fixed effect), TnSNPV treatment (fixed effect), and trial (random effect; not used in the ANOVA of hatching success). Sex (fixed effect) was also considered an independent variable in the ANOVAs of pupal weight and developmental time.
The data of each dependent variable were analyzed in two steps. First, to determine if a dependent variable varied among the three TnSNPV doses, an ANOVA was conducted without the control groups. The second ANOVA was conducted on all available data, including the controls. Data were pooled across replicates within a TnSNPV dose. Examination of residuals did not suggest that the assumptions of ANOVA were violated in any test.
RESULTS
Effect of Larval Age at Time of Treatment on the Lethal Effects of TnSNPV
The slopes of the dosage-mortality curves varied with the age of larvae at time of treatment in Trial 1 ( 2 ϭ 12.6, df ϭ 2, P Ͻ 0.001). However, the only pairs of slopes that were significantly different were those of the 96-and 192-h age groups ( 2 ϭ 11.8, df ϭ 1, P Ͻ 0.001). The slope of the three dosage-mortality curves did not differ in Trial 2 ( 2 ϭ 2.4, df ϭ 2, P Ͼ 0.25).
Survival within a given dose and LD 50 s increased with the age of larvae at time of infection (Table 1) . However, it was not possible to calculate a 95% CI for the LD 50 of the 192-h group of Trial 1, and the 95% CIs of the 144-and 192-h groups of Trial 2 overlapped (Table 1) .
Effect of Larval Age at Time of Treatment and Virus Dose on the Sublethal Effects of TnSNPV
The pupal weight, developmental time, number of eggs laid per pair, and hatching success of eggs did not vary across the three TnSNPV doses (all terms involving TnSNPV dose had P Ͼ 0.10 for all dependent variables). Hence, to maximize the power of ANOVA (Zar, 1987) , subsequent analyses for each of the dependent variables were conducted with the doses pooled (TnSNPV treatment ϭ 2 levels, control or infected).
Pupal weight. The pupal weight of cabbage loopers that survived to adulthood was influenced by three factors: first, the pupae of females were lighter than those of males (Table 2, Fig. 1) . Second, the weight of pupae varied between trials in some age groups (Table 2). Male and female pupae in the 144-h group of Trial 1 were heavier than those of Trial 2 (Table 3) . Third, the pupal weight of survivors was a function of the age of the larvae when treated (Table 2 , Fig. 1 ). The pupae of caterpillars treated at 96 and 144 h of age were smaller than their control counterparts (Table 3 , Fig. 1) . Developmental time. The developmental time of cabbage loopers was influenced by three factors: first, female moths emerged before males (Table 2, Fig. 2) . Second, developmental time varied between trials in some age groups (Table 2) . Individuals in the 192-h group emerged sooner in Trial 2 than in Trial 1 (Table 3). Third, the effect of TnSNPV infection on developmental time was a function of the age at which the larvae were treated (Table 2, Fig. 2 ). The developmental time of infected individuals was longer than that of controls in the 96 h and close to significance (F ϭ 3.3, df ϭ 1, P ϭ 0.069) in the 144-h group (Table 3, Fig. 2) .
Eggs laid per pair. The number of eggs laid per pair was influenced by two factors: first, pairs produced more eggs in Trial 1 than in Trial 2 (Table 2) . Second, the effect of TnSNPV infection was a function of the age at which larvae were treated (Table 2, Fig. 3 ). Pairs that had been treated at 96 h of the larval stage produced fewer eggs than controls (Table 3, Fig. 3) .
Hatching success of eggs. The main effect of TnSNPV treatment was significant in the ANOVA of hatching success (F ϭ 3.9, df ϭ 1, P ϭ 0.050), and pairs treated at 96 and 144 h hatched approximately 25% fewer eggs than controls (Fig. 4) .
DISCUSSION
Effect of Larval Age at Time of Treatment on the Lethal Effects of TnSNPV
Overall, there was little evidence that the slope of dosage-mortality curves varied with the age of caterpillars at time of treatment. This suggests that increasing doses of TnSNPV led to a similar increase in mortality in all three age groups. The effect of larval age at time of treatment on the slope of dosage-mortality curves appears to vary across insect-baculovirus system. For example, age at treatment did not affect the slope of dosage-mortality curves in Hyphantria cunea Drury-GV/NPV (Boucias and Nordin, 1977) , Heliothis armigera (Hü bner)-NPV (Teakle et al., 1985) , H. punctigera Wallengren-NPV (Teakle et al., 1986) , or Plodia interpunctella (Hü bner)-GV (Sait et al., 1994b) . However, the slopes of dosage-mortality curves varied and got smaller (shallower) with larval age at time of treatment in Laspeyresia pomonella (L.)-GV (Sheppard and Stairs, 1977) , Mamestra configurata Walk.-NPV (Bucher and Turnock, 1983) , M. brassicae (L.)-NPV (Evans, 1983) , and Spodoptera exigua (Hü bner)-NPV (Smits and Vlak, 1988) .
The survival and LD 50 of cabbage loopers infected with TnSNPV increased with the age at which caterpillars were treated (Table 1) . Decline in susceptibility to baculoviruses with larval age at time of treatment has been reported in many other species (see Hochberg, 1991) .
Effect of Larval Age at Time of Treatment and Virus Dose on the Sublethal Effects of TnSNPV
Cabbage loopers that survived infection with TnSNPV had longer developmental time, had reduced pupal weight, produced fewer eggs, and hatched fewer eggs FIG. 1. Mean (Ϯ1 SE) pupal weight (mg) of (A) females and (B) males surviving to adulthood in relation to TnSNPV treatment and the age in hours at which larvae were treated. Control-96, individuals mock infected at 96 h of the larval stage. Infected-96, pooled category denoting all individuals that were treated with virus (i.e., 2570, 12,900, or 25,700 OBs of TnSNPV) at 96 h of age. than controls. Sublethal baculovirus infections have been shown to adversely affect some or all of these life history traits in several other species (see Rothman and Myers, 1996) .
These debilitating effects of TnSNPV did not appear to be dose-dependent, a result which is consistent with several other studies (see Rothman and Myers, 1996) . However, the age of cabbage looper larvae at the time of treatment did have an influence, and sublethal effects were greatest when caterpillars were treated at third and fourth instar. Cabbage loopers may only partially fit the pattern of increased occurrence of sublethal effects in fourth-fifth instars (see Rothman and Myers, 1996) because T. ni have a short larval stage (11-13 days at 26°C). The duration of the fifth instar of cabbage loopers is only 3 days, and pupation may disrupt viral replication (Stairs, 1965; Evans, 1983; Murray et al., 1991) . Hence, the virus may have little time to have an impact when cabbage loopers are infected at fifth instar.
Pupal weight and egg production per female are correlated in many species of insects, including T. ni. Despite this, the magnitude of debilitating effects on fecundity was greater than on pupal weight. Females that were infected at 96 h and that survived to adulthood laid 40% fewer eggs but, on average, weighed only 6-10% less than control females (see Figs. 1 and 2 ). This suggests that differences in egg production per pair cannot be entirely explained by reduction in the pupal weight of females. Rothman and Myers (1994) made a similar finding in Malacosoma californicum pluviale (Dyar) and proposed that the additional reduction in egg production may have occurred because the virus affected the reproductive tissues of females. Alternatively, part of the reduced fecundity of infected pairs of cabbage loopers may be attributable to males. In Spodoptera littoralis and P. interpunctella, uninfected females that mated to males that were sublethally infected with a baculovirus had a lower reproductive success (egg production and/or egg viability) than those mated to uninfected males (Santiago-Alvarez and Vargas Osuna, 1988; Sait et al., 1994a) . Ignoffo (1964) and Vail and Hall (1969) did not observe any sublethal effects when first or second instars of T. ni were treated with TnSNPV. Several reasons may be given to explain this discrepancy. First, the occurrence of sublethal effects is not consistent in other species, either (Rothman and Myers, 1996) . Goulson and Cory (1996) outlined several methodological and biological reasons to explain this inconsistent pattern. Second, in T. ni, sublethal effects may occur only when larvae are infected at third or fourth instar. First and second instars may be so susceptible to viral infection that the only ones that survive are those that escape infection because of mechanical (pipeting) errors. In this case, no difference would be expected between control and putatively treated individuals. Conversely, individuals that are sublethally infected at fifth instar may suffer few debilitating effects because the virus may have little time to adversely affect them (see above). Third, variation among studies may also be influenced by genetic resistance to baculoviruses (e.g., Aratake, 1973; Reichelderfer and Benton, 1974; Briese, 1982) . More resistant strains may survive better and have a greater probability of demonstrating sublethal effects. The cabbage loopers used in this study came from five different populations (see Materials and Methods) and may have been more genetically diverse than those used by Ignoffo (1964) and Vail and Hall (1969) .
Several mechanisms have been proposed to explain how sublethal doses of virus might adversely affect the fitness of surviving individuals (see Sait et al., 1994a) . One of them suggests that energy used for growth is diverted to inactivate and eliminate the pathogen. In Note. The predictor variables were sex (pupal weight and developmental time only), Trichoplusia ni single-embedded nucleopolyhedrovirus (TnSNPV) treatment (control or infected), and trial. Only factors that were significant (P Ͻ 0.05) are given. Degrees of freedom ϭ 1 for all factors.
the early stage of an infection, caterpillars may be able to fight off the virus by shedding infected midgut cells into the lumen of the gut (Keddie et al., 1989) . In the later stages of infection, infected cells may be encapsulated by hemocytes and destroyed in the epidermis of the tracheae of the midgut (Stairs, 1964; Begon et al., 1993; Washburn et al., 1996) . However, it is not known if either of these two ''immune'' responses are sufficiently costly to generate the sublethal effects of TnSNPV that were observed in this study. Rothman and Myers (1996) argued that sublethal effects could only be confirmed by observing occlusion bodies or viral nucleic acids in the survivors. If, however, sublethal effects are the result of the mechanism outlined in the previous paragraph, then sublethally infected individuals may be impaired without occlusion bodies or viral nucleic acids being detectable. Sait et al. (1994a) criticized the use of the diet contamination techniques when studying sublethal effects of baculoviruses. Their criticism rests on the assumption that individuals that feed and develop more slowly may ingest the virus over an extended period of time and have a higher probability of survival. Thus, the inoculation technique per se could select for smaller, slower developing individuals. Milks (1997b) examined this assumption and observed that the time to ingest the treated plug does not affect the survival of T. ni. Hence, the diet contamination technique used in this study is unlikely to have generated the sublethal effects of TnSNPV that were observed.
Implications of Findings for Biological Control
This study suggests that application of TnSNPV when T. ni are in the midstages of development may result in more efficient control of cabbage loopers because young larvae are more susceptible to the disease, and survivors may have impaired development and reproductive success. These sublethal effects could accentuate the bioinsecticidal properties of TnSNPV on cabbage loopers.
FIG. 3.
Mean egg production per female in relation to TnSNPV treatment and the age in hours at which larvae were treated. Control-96, individuals mock infected at 96 h of the larval stage. Infected-96, pooled category denoting all individuals that were treated with virus (i.e., 2570, 12,900, or 25,700 OBs of TnSNPV) at 96 h of age.
FIG. 2.
Mean developmental time (days) of (A) females and (B) males surviving to adulthood in relation to TnSNPV treatment and the age in hours at which larvae were treated. Control-96, individuals mock infected at 96 h of the larval stage. Infected-96, pooled category denoting all individuals that were treated with virus (i.e., 2570, 12,900, or 25,700 OBs of TnSNPV) at 96 h of age.
